Chitinolytic enzymes are capable to catalyze the chitin hydrolysis. Due to their biomedical and biotechnological applications, nowadays chitinolytic enzymes have attracted worldwide attention. Chitinolytic enzymes have provided numerous useful materials in many different industries, such as food, pharmaceutical, cosmetic, or biomedical industry. Marine enzymes are commonly employed in industry because they display better operational properties than animal, plant, or bacterial homologs. In this mini-review, we want to describe marine chitinolytic enzymes as versatile enzymes in different biotechnological fields. In this regard, interesting comments about their biological role, reaction mechanism, production, functional characterization, immobilization, and biotechnological application are shown in this work.
Introduction
Carbohydrates are involved in many different biochemical processes (e.g., structural components and energy source and storage, among others). Because of this, they are essential molecules in all living organisms and play an essential role in earth life. They can also be found as long structural polysaccharides (like cellulose in plants or chitin in arthropods) and form biological molecules such as DNA, glycolipids, glycoproteins, etc. They are also involved in cell recognition, cell adhesion and immunity, and other biological functions (Ramesh and Tharanathan 2003) .
Chitin (β-(1-4)-poly-N-acetyl-D-glucosamine) ( Fig. 1 ) is the second most abundant polysaccharide and can be found as essential component in different living structures, such as crustacean and insect exoskeleton, mollusk endoskeleton or fungal and diatom cell wall, and nematode cuticle, among others (Ramesh and Tharanathan 2003) .
The partial deacetylation of chitin leads to chitosan, the only natural cationic polysaccharide known. Chitosan and chitin both have very interesting biological properties such as antimicrobial, antibacterial and antiviral agents, wound healing, hypocholesterolemic, hemostatic, or antioxidant (Dutta et al. 2004; Park and Kim 2010; Hamed et al. 2016 ). However, their great viscosity and poor solubility at neutral pH values limit their application. Chitooligosaccharides (COS), obtained by chemical or enzymatic hydrolysis of chitosan and chitin, are water soluble and significantly less viscous than chitin and chitosan and have many biological activities such as antibacterial (Wu et al. 2013) , antioxidant (Chen et al. 2003) , antihypertensive Kim 2010), or prebiotic (Mateos-Aparicio et al. 2016) , among others. Chemical production of COS of chitosan and chitin often requires extreme reaction conditions and leads to undesirable product mixtures. On the contrary, enzymatic strategies represent an eco-friendly and efficient alternative, which involves mild, regio-specific, and controlled reaction conditions .
Both chitosan and chitin can by hydrolyzed by numerous enzymes, but due to the heterogeneity of chitosan (chitosan is usually not 100% deacetylated), sometimes it is very difficult to differentiate between chitosanolytic and/or chitinolytic enzymes.
Chitosan hydrolysis can be catalyzed mainly by chitosanases (EC 3.2.1.132) but also by other enzymes including exo-β-glucosaminidases (EC 3.2.1.165), β-Nacetylhexosaminidases (EC 3.2.1.52), chitinases (EC 3.2.1.14) and, non-specifically, by proteases (Li et al. 2007; Santos-Moriano et al. 2018) , pectinases (Kittur et al. 2003) , cellulases (Xia and Lee 2008; Lin et al. 2009b) , and lysozyme (Pantaleone et al. 1992) .
Chitosanases would specifically endo-hydrolyze chitosan through GlcN-GlcN (GlcN: glucosamine) linkages. However, chitosanases are further divided into three subclasses depending on whether they are also able to hydrolyze GlcNAc-GlcN (GlcNAc: N-acetyl-glucosamine) and GlcN-GlcNAc linkages (subclasses II and III, respectively). Chitinases hydrolyze specifically GlcNAc-GlcNAc or GlcNAc-GlcN bonds. As described before, chitosan is usually not 100% deacetylated, and that would explain the activity of chitinases on some chitosans (Thadathil and Velappan 2014; Kidibule et al. 2 0 1 8 ) . E x o -β -g l u c o s a m i n i d a s e s a n d e x o -β -Nacetylhexosaminidases release the monomers from the nonreducing end of chitosan/chitin-yielding GlcN and GlcNAc units as final products, respectively (Fig. 2) .
The marine environment covers more than 70% of the earth surface and has been considered a source of life on earth for millions of years (Beygmoradi and Homaei 2017; Izadpanah Qeshmi et al. 2018 ). Due to its specific physico-chemical conditions, the marine environment has forced organisms to create a variety of enzymes to adapt to complex marine environments. Therefore, marine enzymes can be considered new sources of biocatalysts with an extraordinary character. With the advent of biotechnology in the last century, demand for enzymes with new characteristics has grown significantly. In this regard, marine organisms have been proven to be a novel source for the isolation of industrial enzymes due to unique properties.
This mini-review highlights recent progress in the production and application of marine chitinases. In this regard, interesting comments about their biological role, functional characterization, biocatalyst improvement, and applications are shown in this work.
Chitin degrading enzymes: general overview
Chitin-degrading enzymes are a heterogeneous group of enzymes belonging to glycoside hydrolyses, which are able to catalyze the cleavage of β-(1-4) glycosidic linkage in chitin to yield low molecular weight COS (Patil et al. 2000; Hoell et al. 2010; Hamid et al. 2013; Farag et al. 2016; Cheba et al. 2017) . They are found in large numbers of organisms including algae, fungi, bacteria, arthropods, insects, higher plants, and crustaceans (Farag et al. 2016; Gohel et al. 2005) .
According to their substrate specificity, chitin-degrading enzymes can be classified in two main categories, namely endo-and exo-chitinolytic enzymes. Endo-chitinolytic enzymes, more commonly named chitinases (EC 3.2.1.14) cleave randomly within the chitin chain at internal sites (Annamalai et al. 2010; Hoell et al. 2010; Hamid et al. 2013; Wang et al. 2014) . On the contrary, exo-chitinolytic enzymes progressively cleave off two subunits from the reducing or non-reducing ends of the chitin chain (Cohen-Kupiec and Chet 1998; Zou and Bonvillain 2004) . Traditionally, they can be classified into two subcategories: chitobiosidases (EC 3.2.1.29) which completes the hydrolysis by converting chitobiose (N-acetylglucosamine dimer) into Nacetylglucosamine (Glc.NAc) (Cohen-Kupiec and Chet 1998) and 1-4-β-N-acetylglucosaminidases (EC 3.2.1.30). However, the IUBMB Enzyme Nomenclature has merged both subfamilies, EC 3.2.1.29 and EC 3.2.1.30, into one category, β-N-acetylhexosaminidases (EC 3.2.1.52). Chitinases can efficiently degrade chitin into COS with a m i n i m u m c h a i n l e n g t h o f n = 2, whereas β -Nacetylhexosaminidases (EC 3.2.1.52) convert chitobiose and small COS into GlcNAc monomers (Fig. 2) .
In general, several N-acetyl-D-glucosamine molecules from the chitin polymer are involved in the substrate-binding cleft. These molecules are positioned by variable number of substrate-binding sites (depending on the structure of the enzyme), commonly named −N, … , − 2, − 1, + 1, + 2, … +N. Cleavage of β-(1-4) glycosidic linkage occurs between − 1 and + 1 sites.
According to the general glycosyl hydrolases classification reported by Henrissat and Bairoch (1993) based on amino acid sequence similarity, chitin-degrading enzymes can be divided into families 18, 19, and 20. Chitinases (EC 3.2.1.14) belong to families 18 and 19, which also display different structural features and binding mode, and act through different catalytic mechanisms (Patil et al. 2000; Hamid et al. 2013; Paulsen et al. 2016) . Because of their different reaction mechanism, enzymatic hydrolysis catalyzed by family 18 chitinases lead to β-anomer but chitin hydrolysis catalyzed by chitinases from family 19 gives the α-anomer. N-Acetylhexosaminidases belong to family 20.
On the one hand, family 18 (chitinases) and 20 (Nacetylhexosaminidases) chitin-degrading enzymes are substrate-assisted (acting on substrates containing at the − 1 site an N-acetyl group at the C-2 position of the sugar moiety) retaining glycosyl hydrolases (reaction proceeds with retention of the anomeric configuration) (Tews et al. 1997; Hartl et al. 2012) . The reaction proceeds via double-displacement mechanism, involving an oxazolinium intermediate. The generally accepted mechanism of family 18 chitinases involves the participation of neighboring N-acetyl group (Fig. 3a) in the formation of the oxazolinium intermediate. On the other hand, family 19 chitinases are inverting glycosyl hydrolases (reaction proceeds with the inversion of the anomeric configuration) in a single-displacement reaction involving an oxocarbenium ion transition state (Ohnuma et al. 2014) (Fig. 3b) .
Because many different chitinase isoforms are found in plants, another possible classification divides chitinases into six classes (I-V) (Patil et al. 2000) . Family 18 includes classes III and V chitinases, which are commonly found in bacteria, fungi, virus, insect, and crustacean. Family 19 includes classes I, II, and IVand are mostly found in plants (Cohen-Kupiec and Chet 1998; Han et al. 2008; Sotelo-Mundo et al. 2009 ).
Production and purification of marine chitinases

Natural sources
The exo-skeleton of crustaceans and insects is mainly composed of chitin, making it the most abundant polymer in the marine environment. Chitinolytic enzymes are essential to allow the growth of some organisms by digestion and formation of new exo-skeletons and the growth of hyphae in fungi. They are also important in some microorganisms that are able to use chitin as a source of carbon and nitrogen. The annual production of chitin is high (about 10 10 tons) in the aquatic environment (Gutowska et al. 2004; Paulsen et al. 2016 ). Due to this mass production, the accumulation of this substance in the aquatic environment causes dangers, including contamination of the aquatic ecosystem. The use of marine chitinases not only solves this problem but also helps to extend the use of these chitinases in a variety of biotechnological fields (Kao et al. 2007 ).
Crustaceans as a major source for chitinolytic enzymes
Crustaceans are important arthropods that are widely used in biotechnological and molecular studies. From this group can be noted crabs, shrimps, lobsters, krill, and barnacles. Two types of chitinolytic enzymes can be found in the hepatopancreas and integument of crustaceans: β-N-acetylhexosaminidase (EC 3.2.1.52) and chitinase (EC 3.2.1.14) (Sotelo-Mundo et al. 2009 ). The chitinolytic activities in integument were suggested to play a role in molting and in the hepatopancreas for digestion of chitin-containing food (Watanabe et al. 1998; Xu et al. 2010) . Chitinolysis is a key step in the life cycle of crustaceans, including the degradation of chitinous cuticle in the molting process and digestion of chitinous food and defense against viral pathogens (Salma et al. 2012; Okada et al. 2013; Zhou et al. 2017) .
Some chitinases from marine crustaceans have been characterized including Uca pugilator, Marsupenaeus japonicus, Penaeus monodon, Fenneropenaeus chinensis, Litopenaeus vannamei, Penaeus japonicas, Pandalopsis japonica, and Pandalus borealis (Kono et al. 1990; Esaiassen et al. 1996; Wang et al. 2015) . Purification strategies and biochemical characteristics of some of these purified chitinolytic enzymes from prawn, shrimp, and krill are shown in Table 1 .
Chitinolytic enzymes from marine microorganisms
The term Bmarine microbe^covers a diversity of microorganisms, including bacteria, archaea, cyanobacteria, fungi, microalgae, and protozoa (Beygmoradi and Homaei 2017) .
Chitinolytic microbes have been found in various marine sources such as water, sediment, and digestive tracts of fish (Tsujibo et al. 1993) . Due to the heterogeneity of the marine environment, a great variety of extremophilic microorganisms can be found (halophiles, psychrophiles, etc.) , and the search of enzymes from marine organisms is a hot topic for industry. Related to the mixture of conditions existing in this environment, the optimal culture conditions for the production of chitinolytic enzymes may vary. Regarding pH, Beauveria bassiana, a chitinolytic fungus that was isolated from marine sediment, showed a maximum enzyme production at pH 9.2 (Suresh and Chandrasekaran 1999). On the other hand, marine Streptomyces champavatii AZ-1 produces chitinolytic enzymes under slightly acidic conditions (pH 5.0-5.5) (ElDein et al. 2010) .
Chitin-degrading enzymes have been isolated from several marine microbes including bacteria from different genus such as Bacillus (Cheba et al. 2017) , Vibrio (Ohishi et al. 1996; Park and Lee 2000; Bendt et al. 2001; Revathi et al. 2012) , Paenibacillus (Jung et al. 2005; Loni et al. 2014; Yang et al. 2016) , Pseudoalteromonas (Wang et al. 2014; García-Fraga et al. 2015) , Aeromonas (Hiraga et al. 1997) , Micrococcus (Annamalai et al. 2010) , Streptomyces (Han et al. 2008) , Alteromonas (Tsujibo et al. 1993) , Actinomyces , Chitiniphilus (Huang et al. 2012) , and Achromobacter (Vaidya et al. 2003) and some fungi such as Aspergillus terreus (Ghanem et al. 2010; Krishnaveni and Ragunathan 2014; Farag et al. 2016) and Aspergillus carneus (AbdelNaby et al. 1992) . The characteristics of some of them are shown in Table 2 .
Recombinant production of marine chitinolytic enzymes
Heterologous expression of chitinases in different hosts allows their production at a larger scale, as well as a platform to improve enzyme performance through protein engineering. Yang et al. (2016) cloned a novel chitinase gene (chi70) from a thermophilic marine bacterium Paenicibacillus barengoltzii CAU904 and functionally expressed it in Escherichia coli. A novel psychrophilic bacterium, known as Pseudoalteromonas sp DL-6 was isolated by Wang et al. (2014) from marine sediments and the gene encoding the chitin-degrading enzyme (CHIA) was cloned and successfully expressed in E. coli BL21 (DE3). The enzyme displayed the maximum catalytic activity at 20°C and pH 8.0; however, the activity was high up to 4°C (Wang et al. 2014) .
Interestingly, Paulsen et al. (2016) successfully cloned and expressed several chitinases from two marine bacteria (Photobacterium galatheae and Pseudoalteromonas piscicida) in E. coli. The encoded chi genes contained the typical signal peptide sequence of chitinolytic enzymes. However, the presence of this signal peptide did not guarantee the secretion of the protein and only two of the chitinases were secreted to the medium (Paulsen et al. 2016) .
A good strategy to obtain a higher amount of enzyme would be the cloning in an organism such as Pichia pastoris that allows higher cell densities. This has been made with a fungal chitinase (not of marine origin), and a final production yield of chitinase of 3 g/L was obtained ).
Inhibitors of chitinases
Marine natural products have attracted the attention of biologists and chemists in the world. These bioactive marine compounds are produced by a wide range of marine organisms such as bacteria, fungi, sponges, and algae. Some of these compounds have shown an inhibitory action on chitinases, including psammaplin, allosamidin, argadin, argifin, styloguanidine, and cyclo-L-Arg-D-Pro (Cl-4) (Arai et al. 2000a, b; Kato et al. 1995; Matsumoto et al. 2009; Omura et al. 2000; Sakuda et al. 1986; Tabudravu et al. 2002) . The alkaloid psammaplin A produced by a variety of marine sponges exhibits inhibitory activity on chitinase (Folmer et al. 2009 ). Allosamidin has been used to examine the physiological role of chitinases involved in a variety of organisms. Argadin and argifin, two cyclic pentapeptides, have been investigated for their ability to be a nanomolar inhibitor of family 18 chitinases. Styloguanidine, a unique hexacyclic bisguanidin alkaloids, showed inhibitory activity against a bacterial chitinase and was proved to inhibit the molting of cyprid larvae of barnacles (Hirose et al. 2009 (Hirose et al. , 2010 Kato et al. 1995) . Cl-4 was isolated from marine bacterium and exhibited moderate chitinase inhibition (Hirose et al. 2010) . Since these compounds have valuable properties such as antitumor, antifungal, and anticancer, they are expected to have useful applications in medicine and agriculture (Kato et al. 1995) . Some chitinase inhibitors along with their characteristic are listed in Table 3 .
Biocatalyst improvement
Protein engineering
Site-directed mutagenesis has been performed to marine chitinases mainly to investigate the role of some amino acids in the catalytic mechanism of the enzyme or the binding properties (Table 4) . However, some of the results show enzymes with increased catalytic properties or changed selectivity, which suggests that there is some opportunity for biocatalyst improvement. Moreover, out of the marine environment, some authors have addressed genetic modifications aiming to enhance the enzyme performance. For instance, Yu and Xu (2012) applied directed evolution to the chitinase from Trichoderma viride and found a clone (Y185/S226) with increased catalytic activity and specificity and broader pH and temperature stability. This proves that directed evolution could be applied to marine chitinolityc enzymes to enhance some of their properties.
Enzyme immobilization
As will be discussed below, one application of chitinolytic enzymes is the production of soluble bioactive short oligosaccharides from chitin. In this regard, immobilization of enzymes is a key strategy to favor the implementation of these enzymes at industrial level. Immobilization allows the easy recovery of the biocatalyst from the reactor, facilitating its reuse in consecutive reactions and, ultimately, reducing the overall cost of the process. Moreover, immobilization comes usually with an increase of enzyme stability towards pH, temperature and/or organic solvents. On the other hand, immobilization can produce a reduction of stability or a change in enzyme specificity or selectivity. There are only a few examples in the literature about immobilization of marine chitinolytic enzymes: covalent immobilization on chitosan beads (Seo et al. 2012 ) and covalent immobilization on agar beads (Halder et al. 2014a ). In our opinion, and based on previous experience with similar enzymes (Santos-Moriano et al. 2016), we reckon the best strategy for the immobilization of these enzymes is the immobilization on the surface of solid supports due to the high molecular weight of the substrate. Moreover, considering the presence of a chitin-binding domain with high affinity for the substrate, covalent immobilization would be more convenient to avoid the leakage of the enzyme from the support. Vibrio sp. 6.0-6.5 45 50-60 n.d. Revathi et al. (2012) Colloidal chitin was used as substrate in every reference to calculate the specific activity, except in the case of Ohishi et al. (1996) where squid chitin was used instead
It is also worth noting that immobilization strategies can also be applied to marine microorganisms for optimization of chitinolytic enzyme production (O'Riordan et al. 1989; Halder et al. 2014b ).
Applications of chitinolytic enzymes
Application of chitinolytic enzymes can be divided in two big groups: direct application of the enzymes (e.g., antifungals) and hydrolysis of chitin to produce COS. Regarding the latter, the chemical structure of the COS (degree of polymerization and degree of deacetylation) strongly influences their activity.
Some of the most important developments in the application of chitinolytic derivatives in medicine, food, and agriculture are summarized in this section.
Application in medicine
In recent years, chitinous products has been applied to both pharmaceuticals and medical sciences as well as processing aids. Chitin and chitooligosaccharides exhibited hypolipidemic activity by reducing low-density lipoprotein (LDL)-cholesterol and triglyceride levels in blood plasma and antihypertensive activity by angiotensin I-converting enzyme (ACE) inhibitor (Kurita 2006; Hayes et al. 2008) . Moreover, both chitin and its derivatives have wound-healing capability by increasing production of macrophages and subsequently releasing cytokines. Chitinase can be used to as antifungal agent in combination with antifungal drugs against fungal infections (Revathi et al. 2012) . Chitinase and its derivatives have also been showed antimicrobial activity against viral and fungal infections (Hayes et al. 2008 ). In addition, chitin derivatives have other applications including lowering effect on serum glucose levels in diabetics, as an anti-inflammatory drug in patients with asthma. They can also increase bone strength by increasing the differentiation of mesenchymal stem cells to osteoblasts (Aam et al. 2010) . Consequently, it facilitates the bone-tissue formation and inhibits the formation of insoluble calcium-phosphate salts, increasing Ca 2+ bioavailability. Due to the therapeutic application of chitinolytic enzymes, they can be considered an appropriate drug candidate in medical and pharmaceutical sciences.
Application in food
Nowadays, the use of enzymes in all sub-branches of the food industry is expanding, and chitinases can have a wide range of potential applications in this field. Chitin derivatives due to their antimicrobial activity, inhibit growth of spoilage bacteria in foods, consequently, preventing food corruptions (Rasmussen and Morrissey 2007) .
Application in agriculture
Chitinases are interesting enzymes in agriculture. The most remarkable feature is the conversion of chitinous waste into biofertilizers (Revathi et al. 2012) . The contamination of agricultural land with fungal pathogens sometimes makes it no economical. One way to control fungal pathogens and pests is to use large-scale biopesticides, which requires heavy costs (Koga 2005) . Biological control is a good way to compensate for such problems. Chitinases can be directly used as antifungal, insecticidal, or antiparasitic agents against diverse infections such as fungal pathogens, viral infections, and insect pests (Kurita 2006; Hayes et al. 2008; Revathi et al. 2012) . 
T435A
CHIA from Vibrio harveyi T435A showed enhanced binding and catalytic efficiency Sritho and Suginta (2012) W397F or W275G
CHIA from Vibrio carchariae W397F showed enhanced activity and W275G showed a change in enzyme selectivity Suginta et al. (2007) E315M, E315Q, or D392N
CHIA from Vibrio carchariae E315 is an essential residue in catalysis D392N showed greater transglycosilating activity Suginta et al. (2005) K244A, K244H, S248A, S248T, G251P, G251V, W252A, D285N, G286P, G286V, D288N, D290N, D290E, W291A, E292D, or E292Q
CHI85 from Alteromonas sp. strain O-7 Asp-290 and Glu-292 of CHI85 may be the essential amino acid residues for the cleavage of chitin. Tsujibo et al. (1993) Therefore, these enzymes can be selected as suitable in the development of plant resistance to fungal pathogens (Koga 2005) . In addition, water pollution can be reduced using recombinant chitinases, obtaining depolymerized components from the chitinous waste (Revathi et al. 2012) . Eventually, chitinases can be valuable enzymes in agriculture.
Conclusions
Marine organisms have recently emerged as a novel source for the isolation of industrial enzymes and production of a diverse range of novel useful substances. The marine environment is very heterogeneous, meaning that we would be able to find microorganisms adapted to different extreme conditions (halophiles, psicrophiles, thermophiles, etc.) that could be very useful in numerous fields. In this respect, marine chitinolytic enzymes are expected to work in a broad range of operational conditions. The present mini-review aims to show the potential of marine chitinolytic enzymes as industrial biocatalysts, emphasizing in some critical key-steps for scaling up at industrial level, such as production, isolation, operational conditions, and immobilization.
Considering all the factors stated above, pharmaceutical, cosmetic, biomedical, and food industries have spent much effort in finding new marine chitinolytic enzymes.
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